ABSTRACT: Twenty-four sows (12 nulliparous, 12 multiparous) were used to determine soluble fiber (SF) and insoluble fiber (ISF) effects on energy digestibility, N balance, and SF and ISF digestibility. Experimental diets included a corn-soybean meal control (C; 1.20% SF, 9.78% ISF), a 34% oat bran diet high in SF (HS; 3.02% SF, 10.11% ISF), a 12% wheat straw diet high in ISF (HIS; 1.11% SF, 17.86% ISF), and a 16% sugar beet pulp diet (HS + HIS; 2.32% SF, 16.08% ISF). Sows were assigned randomly to diets within parity group and individually fed to meet their energy requirements according to the NRC model assuming 10 pigs per litter and 40 kg of gestation gain. Total feces and urine were collected in 5-d periods at wk 5, 10, and 14 of gestation. There were no interactions between dietary treatments and parity group for any of the response criteria evaluated. Dietary energy digestibility was greatest (P < 0.01) for females fed C (87.9%) and HS (89.3%) diets compared with females fed diets high in ISF (HIS, 82.9; HS + HIS, 86.8%). Energy digestibility was not affected by stage of gestation. Dietary N digestibility was similar between C and HS (86.1 and 86.2%) but greater (P < 0.01) than HIS and HS + HIS (82.8 and 82.8%, respectively). Nitrogen digestibility declined (P < 0.05) as gestation progressed for sows fed HS only. Nitrogen retention as a percentage of N intake was not affected by diet (C, 51.8; HS, 44.0; HIS, 42.0; HS + HIS, 48.6). Soluble fiber digestibility was different (P < 0.01) among experimental diets (C, 85.8; HS, 89.5; HIS, 77.7; HS + HIS, 80.3%). Sows fed HS + HIS (61.8%) and HS (58.4%) had greater (P < 0.05) ISF digestibility than sows fed C (53.5%), whereas sows fed HIS (38.3%) had lower (P < 0.01) ISF digestibility than sows fed the other experimental diets. Greater digestibility of dietary energy (87.1 vs. 86.2%; P < 0.05), N (85.7 vs. 83.2%; P < 0.01), and ISF (54.5 vs. 51.2%; P < 0.06) was observed in multiparous vs. nulliparous sows. In conclusion, increased intake of ISF decreased energy digestibility, whereas increasing SF intake improved energy digestibility. Diet had no effect on N retention. Insoluble fiber digestibility improved when SF intake increased, suggesting that knowledge of specific dietary fiber components is necessary to accurately predict effects of dietary fiber on digestibility. Multiparous sows demonstrated a greater ability to digest fibrous diets than nulliparous sows.
INTRODUCTION
Inclusion of fiber in swine diets is not a common practice in the United States. Most swine diets in the United States are formulated based on corn and soybean meal because of the great availability, low cost, and complementary nutrient composition of these 2 feed ingredients. However, the usage of fibrous ingredients in sow diets may increase, because dietary fiber can improve litter size (Farmer et al. 1996; Grieshop et al., 2001 ) and decrease stereotypic behaviors (Robert et al., 1993 (Robert et al., , 1997 that can develop in limit-fed gestating sows (Meunier-Salaün et al., 2001) .
In contrast to its beneficial effects, fiber addition to swine diets decreases nutrient digestibility (Noblet and Le Goff, 2001 ). The effect of dietary fiber addition on nutrient digestibility is influenced by several factors, such as fiber composition (Kritchevsky, 1988) , fiber processing after harvest (McDougall et al., 1996) , and age and physiological status of the animal (Noblet and Shi, 1993) . Nutritionists must understand the effects of dietary fiber on nutrient digestibility of diets to properly feed high-fiber diets to sows.
Effect of soluble and insoluble fiber on energy digestibility, nitrogen retention, and fiber digestibility of diets fed to gestating sows This study was designed to test the hypothesis that type of fiber fed to gestating sows influences digestibility of the diet. The primary objective of this study was to evaluate the effect of increased levels of soluble fiber (SF) and insoluble fiber (ISF) in diets for gestating sows on digestibility of energy, and SF and ISF in the diet, and on N balance.
MATERIALS AND METHODS
The study protocol was reviewed and approved by the University of Minnesota's Institutional Animal Care and Use Committee before initiation of the study.
Twenty-four sows, 12 multiparous (Imperial Swine Genetics-Line 442, Nicollet, MN) and 12 nulliparous (Duroc × Imperial Swine Genetics-Line 442), were used in this study. Two weeks before mating, sows were weighed and assigned randomly within parity to 1 of 4 experimental diets. Sows were divided into 3 blocks based upon day of mating. Sows were inseminated artificially with terminal-line Duroc semen (D-100, Compart's Boar Store Inc., Nicollet, MN) on the day of estrus and 24 h later. From d 16 to 21 after insemination, sows were checked daily for signs of estrus using a mature boar. Pregnancy was confirmed ultrasonically 30 d after insemination. Sows found not pregnant were excluded from the experiment.
The experimental diets (Table 1) were as follows: a control diet (C) based on corn and soybean meal; a diet high in SF (HS) containing oat bran; a diet high in ISF (HIS) containing wheat straw; and a diet high in both SF and ISF (HS + HIS), which contained sugar beet pulp. The HS diet was formulated to contain approximately twice the amount of SF contained in the C diet, with a similar amount of ISF. The HIS diet was formulated to contain an amount of SF similar to the control diet but twice the concentration of ISF. The HS + HIS diet was formulated to contain almost twice the concentrations of SF and ISF found in the control diet. All diets were fed to sows in mash form. The oat bran was Diamond Brand #8 Coarse Oat Bran (LaCrosse Milling Co., Cochrane, WI). Wheat straw was ground twice through a 16-mm screen in a commercial hammer mill. Dried, unpelleted sugar beet pulp shreds were used in the HS + HIS diet. Values used in diet formulations for ME concentration (kcal/kg as-fed basis) of ingredients were as follows: 3,420 (corn), 3,380 (soybean meal), 3,400 (oat bran), 808 (wheat straw), and 2,495 (sugar beet pulp).
Sows were fed individually once daily to meet their energy requirements according to the NRC (1998) gestation model assuming 40 kg of maternal gain during gestation and a litter size of 10 pigs at farrowing. Daily feed allowance was calculated for each sow based on initial sow BW and diet to provide equivalent energy and similar total Lys intake among experimental diets. Daily feed intake of sows was not adjusted as gestation progressed. Daily feed intake for nulliparous sows ranged from 1.56 to 1.73 kg and for multiparous sows from 1.95 to 2.28 kg. Sows were housed in a temperature-controlled confinement barn in individual gestation stalls with free access to water through nipple drinkers during the entire experiment. Room temperature was maintained at 21 ± 1°C throughout the experiment. During wk 5, 10, and 14 of gestation, sows were moved, within the same barn, to a modified gestation stall to permit total collection of feces and urine during a 5-d period. During the first collection period, 1 nulliparous sow fed the HIS diet was removed from the experiment due to a rectal prolapse. Feces were collected at 0700, 1000, 1300, 1600, and 1800 h daily, weighed, stored in plastic bags, and frozen at −20°C until the end of the collection period. At the end of the collection period, feces were dried in aluminum trays at 60°C in a forced-draft oven for 3 consecutive days. Dried feces were weighed, ground through a 1-mm screen, and a subsample was retained for N, GE, SF, and ISF determination.
To facilitate urine collection, a Foley catheter (18, 20, or 22°F; size depended on sow BW) was inserted into the bladder of each sow and was connected to a plastic vessel containing 40 mL of 3.6 N H 2 SO 4 . Urine volume and weight were measured daily to determine quantity and density of urine excreted. A 500-mL aliquot from the collection each day was frozen. At the end of the collection period, aliquots of urine were thawed and pooled proportional to the daily urine volume excreted by each sow. A 50-mL subsample of pooled urine was frozen for N determination, and approximately 500 mL was freeze-dried for energy determination. After the 5-d collection period, sows were moved to their original gestation stalls.
Gross energy content of feed, feces, and freeze-dried urine were determined in an isoperibol bomb calorimeter (model 1281, Parr Instrument Company, Moline IL). Total N content of feed, feces, and urine was determined by the Kjeldahl method using a 2300 Kjeltec Analyzer Unit (ANKOM200, ANKOM Technology Corporation, Fairport, NY). Soluble fiber and ISF content of feed and feces was measured by a modification (Prosky et al., 1988) to the total dietary fiber procedures described by Prosky et al. (1985) .
Data were analyzed by least squares ANOVA with repeated measures in time (Gill, 1986) using the GLM procedure (SAS Inst. Inc., Cary, NC). The statistical model included the effects of diet, parity, sow nested within diet, stage of gestation, and the diet × parity and diet × stage of gestation interactions. Effects of diet were tested using sow nested within diet as the error term. Mean separation was accomplished using the PDIFF procedure of SAS. The REG procedure of SAS was used to conduct simple linear and multiple linear regression analyses that evaluated the effects of SF intake or ISF intake, or both, on digestibility of energy, N, and fiber. Pooled SEM were calculated using the mean squared error and the harmonic mean number of replications because of unequal replication among experimental diets (Steel et al., 1997) . Statistically significant differences were assumed with P < 0.05. Probability values between 0.06 and 0.10 were considered trends.
RESULTS AND DISCUSSION
No significant interactions between diet and parity for any response criteria were observed; consequently, only main effects of diet and parity are presented.
Diet Effects
Initial BW was similar among sows fed the 4 experimental diets (Table 2 ). Sows were fed to satisfy their daily energy requirement; consequently, sows fed HIS had greater feed intake than sows fed the C and HS diet (P < 0.05) but similar to sows fed the HS + HIS diet due to the relatively low energy density of the HIS diet.
In this experiment, gestation BW gain was not affected by the inclusion of fiber, indicating that sows can consume high-fiber diets and realize the desired pregnancy BW gain. Other authors (Calvert et al., 1985) reported that concentration of dietary fiber from alfalfa during gestation was related inversely to BW gain, but these authors did not attempt to compensate for differences in the calculated ME density among experimental diets. Declining ME intake plus the observation that dietary fiber decreases digestibility of energy and other nutrients (Noblet and Le Goff, 2001 ) may explain the differences in gestation BW gain reported by Calvert et al. (1985) . Results of this study demonstrate that high-fiber diets fed to gestating sows can support desired gains in sow BW if appropriate adjustments to daily feed intake are instituted. Differences in ADFI were reflected in the amount of feces excreted daily. Sows fed the HIS diet excreted the greatest (P < 0.01) quantity of fecal DM followed by sows fed the HS + HIS diet. Urinary excretion was highly variable and not significantly different among sows fed the 4 diets.
Nitrogen retention and N retained as a percentage of intake were similar among sows fed the experimental diets (Table 3) . Kennelley and Aherne (1980) reported that addition of 22% oat hulls to the diet did not influence N excretion or N retention of growing barrows or gilts. Apparent N digestibility was decreased (P < 0.01) for sows fed HIS and HS + HIS diets compared with sows fed C. The HS diet supported apparent N digestibility similar to C. Increasing ISF of diets by adding wheat straw or sugar beet pulp depressed apparent N digestibility. Chabeauti et al. (1991) observed a 9.7 and 12.0% decline in N digestibility in growing pigs fed diets containing sugar beet pulp (16%) or wheat straw (22%), respectively. Results of this study highlight the important effect that fiber composition has on digestibility of the diet. When SF was included in the diet (i.e., HS diet), N digestibility was similar to that obtained for the C diet. Inclusion of ISF (i.e., HIS and HS + HIS diets) decreased digestibility of N about 3 percentage units compared with the control diet. The relatively small decline in N digestibility caused by inclusion of ISF observed in the current study compared with that of Chabeauti et al. (1991) likely is due to differences in maturity of the pigs studied. Chabeauti et al. (1991) used growing pigs, which experience the negative effects of dietary fiber on nutrient digestibility to a greater degree than sows (Noblet and Shi, 1993) . The larger and more developed gastrointestinal tract of adult sows facilitates more extensive fermentation of fibrous ingredients (Fernandez et al., 1986; Noblet and Shi, 1993; Noblet and Bach Knudsen, 1997) .
Stage of gestation had no effect on apparent N digestibility for sows fed C, HIS, and HS + HIS diets (Table 4). In contrast, apparent N digestibility was greater during wk 5 of gestation compared with later periods for sows fed HS [standard error of conditional (intraperiod) treatment differences = 1.02], which resulted in the diet × stage of gestation interaction (P < 0.01).
There was no interaction between diet and stage of gestation for energy digestibility. Daily feed allowance was designed to provide similar energy intake among sows fed the experimental diets. However, GE and ME intake tended (P < 0.10) to be different among sows fed the experimental diets (Table 5 ). Apparent energy digestibility was different among sows fed the 4 experimental diets (P < 0.01). Sows fed the HS diet had greater apparent energy digestibility compared with sows fed the C diet. Diets containing elevated levels of ISF (HIS, HS + HIS) had lower energy digestibility than the control diet. Using the ME density of diets reported in Table 5 , the recorded DM content of diets (C, 89.39%; HS, 89.64%; HIS, 89.39%; HS + HIS, 89.68%), and the prediction equations of Noblet et al. (1994) , the NE concentrations of the experimental diets on an asfed basis were as follows: 2,397 (C), 2,501 (HS), 2,215 (HIS), and 2,343 (HS + HIS) kcal/kg.
Simple and multiple linear regression analyses were used to explore the effect of SF and ISF intake on energy digestibility. Apparent energy digestibility was related positively (P < 0.01; R 2 = 0.36) to SF intake, whereas ISF intake was related negatively (P < 0.01; R 2 = 0.50) to energy digestibility (Figure 1 ). Almost 80% of the variation in apparent energy digestibility of the experimental diets fed to gestating sows can be explained by the SF and ISF intake (P < 0.01; R 2 = 0.78) expressed in the following equation: apparent energy digestibility = 88.74 + 0.083 (SF intake) − 0.02 (ISF intake). a-c Means within a row with uncommon superscripts differ (P < 0.05).
x-z Means within a row with uncommon superscripts differ (P < 0.01). 1 C = control diet; HS = high soluble fiber diet; HIS = high insoluble fiber diet; HS + HIS = high soluble and insoluble fiber diet; SF = soluble fiber; ISF = insoluble fiber. Data represent main effects of diets across stages of gestation. Means within a row with uncommon superscripts differ (P < 0.01). 1 C = control diet; HS = high soluble fiber diet; HIS = high insoluble fiber diet; HS + HIS = high soluble and insoluble fiber diet. 2 Means represent average of N balance determinations conducted at wk 5, 10, and 14 of gestation.
Others have reported similar effects of fiber type on apparent energy digestibility of diets fed to growing pigs (Kennelley and Aherne, 1980; Chabeauti et al., 1991) and sows (Mroz et al., 1986) . Kennelley and Aherne (1980) showed that diets with increased levels of crude fiber from oat hulls had a lower energy digestibility than the control diet. These results are comparable to results reported herein for HIS and HS + HIS diets in which energy digestibility decreased with dietary inclusion of fiber. In contrast, fiber added to the HS diet from oat bran improved energy digestibility. Differences in fiber composition between oat hulls and oat bran could explain their differential effects on energy digestibility. Oat hull fiber has a greater amount of NDF (78%) and ADF (42%; NRC, 1988) compared with oat bran fiber that contains 10.4% NDF and 4.5% ADF (Fadel, 1992) . These differences in fiber composition are important because they show that oat hull fiber has a greater proportion of cell wall components (i.e., cellulose, hemicellulose, and lignin) that are considered ISF and more difficult to digest. Oat bran fiber has a greater amount of SF (i.e., β glucan), which is more likely to be fermented by bacteria present in the large intestine of swine (Noblet and Le Goff, 2001) .
Two possible mechanisms may explain increases in energy digestibility when SF, but not ISF, is included in the diet for sows. First, SF delays gastric emptying due to its ability to swell and form a viscous material (Anderson, 1985; Schneeman, 1998) . Delayed gastric emptying improves digestive and absorptive efficiency (Davidson and McDonald, 1998) . Second, increased SF intake increases bacterial populations in the large intestine as evidenced by increased excretion of bacteria in feces (Chen et al., 1998; Davidson and McDonald, 1998) . The large populations of intestinal microbes likely increased fermentation and utilization of SF to a greater extent than ISF (Graham and Åman, 1991; Noblet and LeGoff, 2001) . Microbial fermentation in the large intestine produces VFA (Jørgensen and Jensen, 1994; Schneeman, 1998 ) that can satisfy up to 30% of the maintenance energy requirement of the pig (Varel and Pond, 1985; Varel and Yen, 1997) .
In contrast to SF, ISF decreased energy digestibility of diets. Insoluble dietary fiber decreases intestinal transit time (Anderson, 1985) , which limits nutrient digestion and absorption (Mroz et al., 1986) . The primary components of ISF are cellulose, hemicellulose, and lignin, which are less likely to be utilized and fermented by gastrointestinal flora compared with SF (Graham and Åman, 1991) . Low digestibility caused by ISF components explains why greater intakes of ISF increase the amount of plant material excreted in the feces and increases fecal bulk (Chen et al., 1998; Davidson and McDonald, 1998) .
Other researchers have demonstrated that composition of dietary fiber can affect energy digestibility of the diet. Silvio et al. (2000) reported that increasing concentrations of purified SF (pectin) and decreasing Means within column with uncommon superscript differ (P < 0.01). 1 C = control diet; HS = high soluble fiber diet; HIS = high insoluble fiber diet; HS + HIS = high soluble and insoluble fiber diet.
2 Standard error of conditional (intraperiod) treatment differences = 1.02. Means within a row with uncommon superscripts differ (P < 0.01). 1 C = control diet; HS = high soluble fiber diet; HIS = high insoluble fiber diet; HS + HIS = high soluble and insoluble fiber diet. 2 Means represent average of energy digestibility determinations conducted at wk 5, 10, and 14 of gestation.
concentrations of purified ISF (cellulose) were associated positively with energy digestibility of diets for dogs. Mroz et al. (1986) also showed that the inclusion of different proportions of oat hulls to a basal diet decreased energy digestibility. Chabeauti et al. (1991) showed that the inclusion of sugar beet pulp or wheat straw decreased energy digestibility by 7.9 and 18.4 percentage points, respectively. In the present experiment, a similar trend of smaller magnitude was detected. These findings, along with those of Silvio et al. (2000) and the current study, reinforce the concept that fiber composition (i.e., SF and ISF) influences energy digestibility and that composition of the fiber should be considered when fiber is included in diets for gestating sows.
Digestibility of SF differed (P < 0.01; SEM = 0.84) for sows fed the 4 experimental diets (HS, 89.5%; C, 85.8%; HS + HIS, 80.3%; HIS, 77.7%) . Soluble fiber intake seemed to be related positively to SF digestibility (P < 0.03; R 2 = 0.22), whereas the ISF intake depressed SF digestibility (P < 0.01; R 2 = 0.58; Figure 2 ). Soluble fiber and ISF intake considered together in a multiple linear regression analysis explained 74% of the varia- Means within a row with uncommon superscripts differ (P < 0.01).
Soluble and insoluble fiber in sow diets tion (P < 0.01) in SF digestibility according to the following relationship: SF digestibility = 89.9 + 0.12 (SF intake) − 0.042 (ISF intake). Insoluble fiber digestibility (ISFDIG) was different (P < 0.01) among diets. Sows fed HS + HIS (61.8%) and HS (58.4%) had greater (P < 0.05) ISFDIG than sows fed C (53.5%), whereas sows fed the HIS (38.3%) had lower (P < 0.01) ISFDIG than sows fed the other experimental diets. Insoluble fiber digestibility was positively related (P < 0.01) to SF intake ( Figure 3 ). In contrast, digestibility of ISF was not affected by ISF intake (data not shown).
Results of the current study indicate a greater digestibility of both SF and ISF when SF intake increases. Soluble fiber promotes microbial growth and activity (Chen et al., 1998) and slows intestinal passage rate (Cherbut et al., 1990) , which supports more extensive digestion of feed. Increased intake of ISF limits microbial utilization of fiber (Varel and Pond, 1985) , increases fecal bulk (Chen et al., 1998; Davidson and McDonald, 1998; Bach Knudsen, 2001) , and accelerates intestinal passage rate (Vahouny and Cassidy, 1985) . These properties contribute to the negative effects of ISF on diet digestibility. Evidently, the positive attributes of SF with regard to diet digestibility are of sufficient magnitude to enable sows to more completely ferment ISF in the hindgut.
Parity Effects
Daily feed intake allowance was calculated based on sow BW and predicted energy concentration of the diet (NRC, 1998) . Multiparous sows had greater daily feed intake than nulliparous sows due to differences in BW (Table 6 ). Gestation BW gain was similar for both nulliparous and multiparous sows. Nitrogen, energy, SF, and ISF intake were greater for multiparous compared with nulliparous sows.
Apparent digestibility of energy (P < 0.05) and N (P < 0.01) was greater in multiparous sows than nulliparous sows (Table 7) . Several researchers (Fernandez et al., 1986; Noblet and Shi, 1993) have observed greater nutrient digestibility of high-fiber diets fed to sows compared with growing-finishing pigs. Digestibility of dietary SF between nulliparous and multiparous sows was similar, whereas multiparous sows tended to have a greater (P < 0.06) ability to digest ISF compared with nulliparous sows. Noblet and Bach Knudsen (1997) reported that older sows had greater digestibility coefficients for crude fiber, cellulose, and total nonstarch polysaccharides compared with growing-finishing pigs. This finding is not surprising given that growing-finishing pigs usually receive more feed than pregnant sows and have less fermentation capabilities compared with sows. Fernandez et al. (1986) suggested that digestibility of nutrients tends to be similar for growingfinishing pigs and adult sows when feeding level was proportional to BW. However, in the present experiment, multiparous sows demonstrated a greater ability to digest energy, N, and fiber than nulliparous sows even though feeding level was proportional to BW. This suggests that the ability of the sow to utilize fibrous feedstuffs improves with advancing age.
Results reported herein demonstrated that SF and ISF have differential effects on nutrient digestibility. Increased SF intake increased digestibility of energy, SF, and ISF with no apparent effect on N utilization. In contrast, increased ISF intake decreased digestibility of energy, N, and SF, with no effect on ISF digestibility. Elevated intake of ISF increased excretion of fecal DM, whereas elevated intake of SF had no effect on fecal output. Multiparous sows demonstrated a greater ability to digest fibrous diets compared with nulliparous sows. In summary, results of the current study Means within a row with uncommon superscripts tended to differ (P < 0.06).
y,z
Means within a row with uncommon superscripts differ (P < 0.01).
suggest that high levels of fiber can be included in diets for gestating sows without negatively affecting diet digestibility. Fiber type (SF and ISF) has differential effects on diet digestibility and must be considered in diet formulations for sows to optimize diet digestibility. Age of sow must also be considered when formulating high-fiber diets, because multiparous sows have a greater ability to digest fibrous diets compared with nulliparous sows.
